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Ae a means teward determining the effeet of various 
parameters on conbustion turbine plant size and weight for a 
partioular net power output, three heve been chosen as inde- 
pendent variables in which the plant may be exvoresesed. 

These three are: the flow coefficient, (C,/U); the blade 
length ratio, (L/d); the mass rate of flow, w. The sive and 
Weight of compressor, turbine and combustion componerts of # 
plant are etated in terme of these three, and the effect of 
Lade aspect ratio on weight and volume is also mentioned. 
& apecifie example i¢ used te illustrate the fact that the 
anaft speed ratic hetweena compressor and turbine is intima te- 
ly relateé to the optimw: values of flaw scefficient and 
blade length patio te be chosen, whereas the effect of pree- 


gure ratio on this sholee ia very slipht. 
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ZT. Jetpopcrros 


The desien of combustion turbine plants for opti- 
mum economy of constraction and operation on the one hand, 
and for optimum weight and aize against a epecified useful 
output on the other, has been accompanied by such study, 
both along empirical sad analytical lines. 

in order to treat the problem by the ordinary 
mathematios, create a picture which can be grasped, cite 
an example which appears sonerete and yet hold to a treat=- 
ment suffielently general to be useful, a considerable number 
of siaplifying aceuaytione must be made -- and yet a mini- 
mum of them. 

in the design of a power plant for many purposes, 
the weight of the plant and the amonnt of spaee it occuples 
are of paramzwount importancs, whereaa in any case both of 
then bear a relation to the firet sonst of the plent and ites 
accommodation. Faetorzs which may be thought te have an 
obvious bearing on size end weight may diverge from that 
widely in their actual effeot. 

The treatment herewith, as a emall part of en exten- 
sive program, has drawn generously on what has gone before 
in attempting to focus on ths effect of three particular 
variabies on the size of rotating mashinery: one geonetris, 
One Kinematic, and one a sgecale factor. The examination of 
each of the first two is limited to a spen of “good prac 
tise”, with the implication that trende shown within that 
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span will continue euffictently far beyond it te reack the 
region, from the standpoint of each variable individually, 
of physical absurdity. Henoe, if it is felt that the 
delineation of these spans of good practice ia unjustified, 
@ later extension or sontreaction of them wili not alter the 
generel aspect of the conclusions. 

Subsequent to the treatment of rotating machinery, a 
general digeussion of combustion equipment leads to rela- 
tions, empirical but raticnali, for the weight and volume of 
that part of the plant. 

Despite tus fact the% numerical eonstants have been 
inserted wherever posagible to faollitate illustration, the 
influenes of individual factors sach as pressure ratio 
and cagoade geometry ia more truly represented than is the 
Guantitative result. Ewen when the expressions arrived at 
permit} a more general application, the taslt physical plant 
ig a etationary or heavy propulsion plant in the LOOO0-190, 000 
horsepower range, Dut one borrowing from the lignt weight 
features of otner types. 

Whereas the mothned developed is in principle applica- 
Bie to a wider range of plant configurations, only the 
simple OST thermodynamics cycle between preseure ratios of 
five and ten has been investigated. An appropriate exten~ 
gion ils to the CIC3TX eyele, shown sgehematically in Fie. i, 
using pressure ratios up te about fifteen. This is sugezested 


46 a aubdjeet for future study. 
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Il. BASIO HSLATIONS AND DEFINITIONS 


Assunptione involved in the analyele of plant compe; 
nenté include: # sonstant pitch diameter throughout 4 
particular machins, petential vortex flow, equal work done 
per turbine or compressor atage, a uniform axial veloelty 
over the entire length of a machine. Compressor bladine 
4s assumed to be symmetrical in all steres exsept that 
the first and last are modifica to meet subdgtantially axial 
entry and discharge velocities. No voresenure losses are 
considered in other than the turbine, an@ mechanical fric- 
tion ia overlooked. A mean value of epecifiec heat Le used 
in each of the ranges of sompression, sombuetion and ex- 
pansion, end the changes in mass flow and fluid properties 
due te fuel addition are neglected, 

With these in mind, certain basic relations and some 


mathematical approximations which are used herein are 


outlined below. 
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y= Oy _ os (L/a) 


7 , (3) 
° — oe 4(U /2e¢)(L/a) 


where o;, is due te rotation only. 
This stress parameter commonly runs, for stationary or 


heavy propulsion plants, at about: 


2 , = 7000 ft, 
2. «= 9000 ft. 


while in portable and aireraft plants the figure 


ia frequently reached. 


An examination of the mechanical properties of 
presently available alloys reveals that at the moderate 
temperature level of compressors the onerating etresses 
are limited to about 36,000 to 42,000 psi by yield strength 
and endurance limite. At the temperatura level of turbines 
the operating stresses are limited by ereen rate to a 
valve roughly proportional to ies: 

Approximation of the relation between atatio and 
stagnation densities: 
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By the continuity relation: 
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For the compressor discharge (or coabuator inlet): 
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& corresponding relation holds for the flow at turbine outiect, 
expressed in terms of los ° 

Mean density of fluid in the compressor: 

Pa Pa ps 2 
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and correspondingly for the turbine: 
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These functions are obtainable from Fig. 2. 


Rotational speed of a machine, optimized from the 
standpoint that the parts under radial atress are all at the 
@llowable limit expressed by the streas parameter Wes may be 
determined by combining (3) and (4) with the geometrical rela- 
tions of the wheel to yield 

ney = 22. a eset Jae J 

an TWAT 

Since the longest blades and consequently the highest 
blade stresses are found at compressor inlet and turbine out~ 
let, relating the general equation te thess two stations gives, 


for the compressor: 
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Oy” My 1 
and for the turbine: 
ssa “ x ; te 
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It will be noted, when sonsidering possible plant cycles, 
that a wide change in pressure ratio causes at most a 10% 
change in optimum RPM directly, but rather affects it via 
the air rate or w/P” ratio, furbins inlet temperature 
affects permigsible rotational speed slightly in a direct 


manner, but much more heavily via its bearing on the strene 
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parasze ter 9% 
Piteh diameter of a rotor, optimized from the same stand~ 
point as the RPM, is likewise determined te appear as: 
1/2 -1/4 
2WRT 
-~-----~ lee 2 (u/ a) 
P(G,/U) 
Relating this to compreesor inlet and turbine outlet as 


before ylelds, for the sompresaor: 


a 2 -1/4 
dg = .282]--- ae Par] z..a), | (8) 
Po, ( Gy/0 da 
De = [ae (t/a), } a, (9) 
and for the turbine: 
RT a" =e 
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d, = .282|[----="---- (¥ ) L/a) 
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Dd, = [1+ (/ 44) a, (9a) 


The game remarks regarding the effects of preasure ratio 
and turbine inlet temperature on the RPH apply generally 
to the diameter relations above, but of scourge in the 


reverse direction. 


Power requirement and output, assuming e& mean value of Oy 


and of KE to be applicable over the temperature spans of each 
component, may be expressed, with (1) and (2), as: 

BP a ai ~ 

PY = w(hy—he) we,(T,.- ‘,.” 
which becomes, for the compressor} 
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pee wh T (r* +2) (10; 
6 pe Oy CG 
and for the turbine, with negligible leaving lose: 
* an 
Pt WO 7,62 Py ) (10a) 


Allowing for leaving losées but assuming the leaving veloci- 


ty nearly axial, or with negligible whiri, the last 


besomes: 2 
~ Oy ' 
P* =wiG f (lerp } + == (10d; 
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in @ plant cycle the effect of pressure ratio on air rate, 
w/P*, 18 well known, and the curve of Fig. 4 ig representa- 
tive for @ plant in which the ontput takes the for of shaft 
power, Sinee, knowine the eyole temperatures ani the 
probable component efficiencies, the air rete is a known 
function of pressure ratio only, it will frequently be con- 
venient to arrange an expression for, say, component weight 
in the form: 


W* = F(cyole conditions) .F{pressure ratio) 
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III. MATCHING COMPONENTS 


In matehing components to form a plant cycle certain 
requirements are to be met, some of them necessary and 
obvious if the plant is to operate at all, others desirable 
and implioit if it is to give optimum satisfaction. For 
the simple cycle singla-shaft jet propuleion plant (CBP), 
exemplified by airereaft inetaliations for instanse, the 
following hold: 


RPM, ee RPM, Wo aa Wy 
a reFo, Ry = A 
One Cob Cnt 


faking the ratio of (8) te (8a) and using (3) to 


eliminate gives: 


Ss + ee eee ea tore (a) 
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i ca a wt imme (ila) 


Qt [Py Toe lFagtr,” ) (Oy/T) a Tyg 
the latter holding only if J 46 the same for both machines, 
and the blada material is such thet 9, is the tare for both. 
Sinse turbine and sompressor power are substantially equal 


at ali times (10) and (10a) sowbine to give: 


a ae 
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The useful power output of such a plant takes the form 
of thrust, dependent on jet velocity. 


2 
. Th 
Sed rtp Coy Togs? fe Cop 06 ; = 


Cy = CBT Coy es r. 7 rs 


or in terme of the compressor pressure ratie only: 
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In the special ease of static thrust: 
Fe ¢ 
v8 
For the simple eycle stationary or heavy propulsion 
plant (CBTG), exemplified by the rallway locomotive unit, 


the following hold: 


GRP, = RPM, Where @ ls @ gear ratio 
Poa™ Po, fg * Te 
Spe < o~ Cot 


Substituting (7) and (7a) into the first of these 


relations, and _— use of the others where appropriate: 
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or, using (3) te eliminate 2 leaves: 
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Se Poa (Pyar )(Cy/U), (U/A) rae” (15) 
Zoa (Fg tl) (6 /0)4(1 L/a),d,” 


The net power output of this types of plant is: 
pe = p¥ — p* 
n t c 
By (10) and (10a) then: 


* “2 
= = IGnoTo, te Spt foe 7 28% {1-r  )-(r* ws (16) 
*O2 


And the oyele thermal _— becomes: 
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IV. DETERMINATION OF THE STAGE 





Thus far, no consideration has been given to asro- 
dynamic relations or the factors affecting efficiency 
within a etage, nor with stage dimensions. There are to be 
developed an expression for the axial width of the blade 
rew, the blade spacing, and the number of stages required. 
The length and volwne of machine rotors is readily obtained 
then from these expressions and those previously eet forth. 

Zweifel (ref. 1) has developed an aerodynamic load 
coefficient 


Y. i 28in Bal eothe~ooth, 5 


based upon the attainable pressure distribution around an 
airfoil, which coefficient he shows to have a Value very 
near elight-tenths for minimum pressure Loss and minimum 
drag/lift ratio in a cascade. This significantly corresponds 
to the preferreé design deflestion angle of sight-tentnhs 
that for which stall occurs, presented by Howell (ref. 2). 
The work done in a stage may be written as: 

pare = 2(0,/0) (cot~cotp,) 

u"/2¢ 
Combining the above two expressions, the optimum solidity 


of a Diads row may be stated as: 


we »2d sin’ 8s ae 1 
, (6,/5) w"/ae a? 


On the other hand, Sohnittger (ref. 3) has indicated that 
for optimum stage efficiency the camber of a blade is related 
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te the gas leaving angle by: 

.5<0/Bs < .55 
and further that the fluid deflection angle in decelerating 
easoades is related to this leaving angle by: 


1/2 1/2 
© mx 3078 2( 0/6) ~ 307 B28 


Benee, by combination it follows that: 

Bs «= Bey (1-.3072 V2 
end by substitution in Zweifel's relation above, the optimum 
solidity becomes: 


~= 2.5ein fe sotSs-eot( 1.5078” Be | (19) 
which ig readily eolred by trial, on the first attempt ssti- 
mating 8 = 1 on the right, 

Piguree 5 and 6 illustrate the nomenclature used above. 
The latter is a repreduction of the curves presented by 
2Weifel on which has been drawn the line of maximum turbine 
stage efficiensy given by Hawthorne (ref, 4). The difference 
in notation between these figures and that used herein should 
be noted. 

Gae bending etreas in a blade may be found from the 


fundamental formula of mechanics: 
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But from the geometry, and (18) above: 
2 
n 665 21.26 n$s8in Be ¥ 


A ee ee ee ee ee ee eT: 


(L/a) (L/a}(6,/3) U"/2¢ 


Henes, by substitution: 


w/a) (Oq/t) (0 /2g) 
RE ae Se ee en ea ewe ae egy on ae en eee 


1.26108 sin Bs 


In order to evaluate the blade section modulus, I/y, various 
airfoil section plane vere measured to determine the effect 
of camber and thickness ratio in the moment of inertia and 
extreme fiber distance. A standard thickness diatribution 
was used, with camber varied 25” to 109°, thickness ratio 
varied 7% to 10%, based om a parabolis camber line. The ex- 
treme of the shane# s6 measured are shown in Fiz. 3. Fron 


this there was deduced (6 in radians here): 
t * 24 9 
“<- = ~--- |.350 85% (20) 


Substituting this in the above: 


a 3 
SB a (22) 


wherein 
2.4 a 
Fy = 06 ~Z42 .5¢ 


Replacing the aspect ratio by its definition: 
b= (L/b) = (L/a)a/b 
a 
and using (3) to eliminate w, @ and (0 /2¢);: 
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wherefroms 
L/2 V4 
4.78 w(¢../1) 
» cee oe c/a] 
sin Bs J, b 


Since in obtaining the creralil rotor length the mean 
gtage width ie desired, a mean value of (1/4) must be ebd- 
tained for use in the foregoing, and (L/d) in turn is propor- 
tlomal to local density if G, is to be maintained constant. 


Hence, by (8), for the compressor: 


(2/8), = (l/aaler/rg) = (L/A)s Py (22) 


ana by (6a), for the turbine: 
(L/a) . = (b/d), Fe (22a) 


These then lead to the sompressor row width: 
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sinks ve Pe 


ana the turbine’ s: 
1/4 


Pas = fun. F.2 ; (23a) 


4.76 _ wASy{3! 
si nBe Te - we 


The number of stages required depends jointly on the work to 
be done in a machine and the amount of work efficiently 


attainable per stage, or: 
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This vesomes, for the compressor: 
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Te = ‘(se 
and by using (3) te eliminate clreumferential speed: 


$11258,,.T ~1)(L/a 
us $1120poTox(eg'-2)(L/8) (24) 


SOorrespondingly, the number cf stages for the turbine 


40 found te be: 
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General experience has shown that the blade aspect 
ratio, 5=L/», ig in practice limited at the Lower extrene 
by tip Logees and wall friction, and at the upper extreme by 
streas considerations and mounting secondary flow lomases, In 
view of these limits, the aspest ratio may be taken te varr 
from ons te five, with the optimum at possibiy two or three 
for “good practice". 

By inserting (8) and (23) in the definition, aspect 
ratio may te related to other quantities, hovever, and the 
result will serve, in somblnation with the rule-of-thumb above, 
to limit the ranges of variation of other pareneters. Thus, 


for the coppressor: 
i/e 


sin 8, O_kt oilf +1)FL.(i/a) sy 
6. <= (_O694 ewcmmnmce ed m3 — el" be? nn { 25) 
ic, 13) s% 










A ehaagt ‘ 
oS iE ae = 


Denys snanieeouna saan te) polow wf Mow 
sh NI Eo) ogy ous ih 


salyret eG? et eegete to wedeu wit  cigechaeveewm | 
ual of Anep’ at 





Posq@a Mule 92% feat avons oot sorecriqee Lewes |” 

pavites tery odd fe hettols soltpena a) wf wurde oltet 
<c smeetes «eq cal fe dus guttels? 11a bow eeesol ait 
at .eeseds walt cuhor oe (atmos bae bratt a wiles eect 
Tiny of neker ec YR Cif op CAE GS inst anes Yo WRiv 
eertt wo awe pidizece Ce euadiQo om CTW ent) ot eno mond 
“ep heeanig Dogg’ yet 

roeqae tide (teh weld wt (OM) bee (8) gest awens qe 
ett here oeewewod peltivneng tele of des afet wf tee offen 
orod® dami?-te-siny 407 dite cclianisnce Of FvTRe fiiw tite 
a? .omladwraq teido Yo pctvatuey to Spout wil Staal BF 


‘ romero at tet 
(wt Ti+ ule 
eo, Rivet toatl eth er cee, Z 
L s- o . (“2 





and for the tarbdine: 
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¥. ROTOR SIZE AND WEIGHT 


Rotor size 18 controlied by the number of stages, the axial 
length of each, and the tip diameter of the blading. For the 
Length: 

LY so 2Y «by oN 
Wherein the clearance ratio between adjacent rows is indi- 
eated by ¥. From (25) and (24), and by properly arranging 


terms, it may be shown that for the sompressor: 


~* 
Cpotor (G/U) a Y(L/a), coat 


W z ‘aoe t 
* .. (ee See em iia! 2. bay ‘au ie 
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(26) 
and for the turbines 
Cot tos (Cx/U) «(eft (b/d) « we +. mM) 3 
u- 29,6006 wa ab of Fae ne van a GS we (--) Fy (ler ¢4P* 
e7ee sings 
"fe we (262) 


In each of the above, the final bracket represents the expli~ 
cit influence of pressure ratio while the firet incorporates 
the influence of cascade geometry, broadly speseking. The 
trend of this pressure retio influence is shown in Fig. 4 for 
e.mpreasor and turbine separately. 
Rotor volume may be stated simply ass 
2 
v= Sap Le 
Substituting from (9) and (26) and rearranging as for the 
length yields, for the compresécor: 
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‘ 1850 a »” r(a-(tya),)"(o/ady 
5 se “i 72¢ 25. tag/art sinks Ot, r.., in 
y 
. reset t-2)F¢* (As (27) 


ané likewise for the ‘turbine: 


1850 Ro 7 pe les ¥(1#(t/a),)"(L/a)<” 
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> * @ ,* 
*}(Fpetr,) (l-r, PF, a (2%a) 


The two brackets here, ace in the length relations, 
are intended to indicate the influence of stage ceonstry 
and pressure ratic respectively. The latter are shown in 


Fig. 4. 


Rotor weight has been investigated for wheels of the 
DeLaval type by LaValle and Huppert (ref. &). Their results, 
with some simplifying assumptions te fix a few minor in- 
fluence variablea whieh have @malil ranges, are nere applied 
to both turbine and compressor, since the latter is taken to 
be of disk type construction and therefore comparable in each 
Stage to a DeLaval wneel. All this is predicated on having 


@ maximum allowable blade stress, as expressed by (3). 


we} 















‘MALY Amt HOt pm tyastt a 


Neate we 
ls pS state om Vi Pita wr 


a oe ei a) "| 





e i. ia\u” eit] gy 


SS 


(Rantgalon Agel wtf a2 af veg 80 pars ch a 


Tipe agate te wanweltes wl wepeLtAs OF fo ‘ 
ch ket 98 Tap T AL wT 





wld 1O bls vO? \éeegteeendl feed nh . 
atiaen wiley .(2 tea) fyenui Aue «Fis Wa wi met 
“Oi wotbe ve) « ft of sxoliemune ser vikimete eewe ae 
indi kane weet wre peegoet Shem ete while ‘tydbeteet » + 
cd Geiee fi yedtel wh eetee ues ne ou by om etp 
Goss a cldguayay gvereeuct Gun deidnmlaras eve! ona | 
potved wo detactnew, at ald? Lid .feace faveied or 4 
(GC) @ Geenevers an .anerte obese itil toate 4 















26 


For one wheel or stage the welignt is then: 


we = (disk + rim + blades) 
m(i/a)°a®ey juss — at ner 2002 4 558d 
( 


’ 5 L/a)*A, Pphe p,, (L/4) 
(28) 
wherein: 

A, = ; 2 
> la/fa) 2 

1 2 
bo = lee = 
, ae - | 
ds = exp -* *b ascu/a] «4 

Pa 


From Fig. 8 may be cbtained A, and dg. 
The material density ratio, (p,/e,), will approack unity 


in the oase of a turbine or in the cage of a sompressor not 
having light metal blades. With thie additional simplification 
(28) 18 combined with (8) and (24) to yield: 
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and: 
% 1 
We x " Cortes (Cc ee fue 4 = 
ann a8 Anno - 
© reg = Panis ‘ 
“WL oe —1 % 
Jie ) (*) (Fpatr, ) (28b) 


Again the parts have been arranged so that the final bracket 
4n each equation represents the explicit pressure ratio in- 
fluence and the bracket immediately preceding represents the 
stage geometry. The pressure ratio factor is shown in Fig. 4 
and the geometry factor, calculated from (28) above, appears 
in Fig. 9. 

Due to its effect on rotor thickness, increasing 
aspect ratio causes a decrease in rotor weight, but a 
simultaneous rise in rotcor volume. This least effeet will 
appear later (see p. 43, eq. (33) et seq.). Hence the mean 
density of the rotor bulk drope doubly fast with rising aspect 
ratio. Sinee a high mechinse density tends toward compactness 
of plant for a fixed power output, thie gives the first 


indication that low blade aspect ratios are to be preferred, 


(g63 } 























tetsevt lant? act gerd os Beyneres aang eyed - 
“at alTep sioseeug tloligny wil? ef obem ures me2iaape done . 
eat etooneayny Galbvorr: elev aliemed Fodoand eet ce oomeatt 
» wi) at mode of retest offay eape swag 0 (teen aed: 
emerce .¢vade (Bf) erty feval ania viadest yet smeoeg oc oboe 
® atts 
piheewvon: wenedet re seen mente wth 
ted FiQlow wehor HA WeeRTOSE & satice ottes dou 
LLiw towtae Peel etat .sanker cater ol sad 
cane oof eons .{.pee te F280) ine. E> “. vl ta 
Senge gpiete “ete teat Eldueh scent ain ean act to Ot 
eoerfarssod beeen? «hast ¢tis eet’ ealdeme Agi A womkt . offer 
yeart «dt sevly atdl Jugdwe sewed bextt ene? tei ko 
Seovetane ad of ote Aa Feeqme Shalt WoL fant motiaot rs 








=" ®. 
oe SM 





— 


a 


> 

















30 


VI. GOMBUSTION COMPONENTS AND CASINGS 


Over the variety of combustion turbine plant types, 
from heavy stationary generating equipment to light weight 
air-eraft propulsion sets, combustion eouipment varies in 
weight and size fully as much ae does any other component, 
and with considerably greater empiricism. Watson and Clarke 
(ref. 6) have summarized current practice. The firet 
parameter to bse donsidered ia heat release rate per unit 
volume : 

lipW Woy i Tos-Tos) BTU 


EE) PP ap =P ee eo ep am He om OF we 9 wo OE OO OD OD 28 oe ee .65 GP «= an ab oe ap oe eR ew GR 


ViPos Yur Pea geec. lb. ft. 


The constant employed is based on the faet that good 
combustor performance regularly can be attained for heat re- 
leass rates up to Dut not much excecding 6.7x10° BTU/hr. rt.” 
ata. The actual limit depends on a balance between heat con- 
duction, diffusion, wali cooling and metallurgical properties. 
A glightiy more conservative figure, 4.95, 18 used above. 

Another limitation is flame stability in the moving 
gas flow. Based only en experience and good practice again, 
the permissible maximum bulk velocity entering the flame zone 
ia found to be about 500 ft./sec. Hence, leaving again a 


margin of safety by using 400, there is: 


so... = @6O = WRTo1 (Faytre’) __ #8: 
Paap Ap? pP or BEC. 


Combustor length is then, assuming a shape approximately prismatic: 
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v 
LY = -2 = 616 -"----------~-=8 einmmm--- ft, (29) 
b A ; 


In ecagse, 28 ie true for sirersaft and certain other 
plants, combustion is to be equally shared among geveral 
chambers, a third limiting factor to be considered is minimun 
fleme tube @liameter. This may be met by: (a) limiting the 
number of separate chambers or (b) increasing the total eross- 
sectional aren beyond thst regquire@ for permissible maximus 
gas velocity. 

fhe weight of a combustor is a function of wall con- 
struction and surface area. Assuming that if a number of 
chambers are operated in parallel they ars #li exactly allke, 


then the total surface area is: 


2 
A, = 110g, 1." N = 2 Vs, (ott / a 


1/2 
Tox d Nwlea 2 
RS 1G8 CoD mane eae Pa a ON > Ae oP a oe oe ~ ome AES Gm Shin Om ED Ue tt. 


Wall sonstruction ie considered to be based on resist- 
anee to gagging and buekiing rather than to mipture in tension. 


Thus for a cylinder in transverse loading, as a first approxi~ 


mation, 
wm (t.a)a & 
Ge oe ~ SESE WT =d5<e 
t t.a)° (t.a)” 
Th 2 ‘ 1/2 1/2 
wae (t.d)~vA (a/o ) ws 4,0/(o- a) 
But sinse 


* a 
Ayp~ dW and ¥y~4a NL* there follows: 
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In order to eliminate the tensile stress from this 


expression the proportionality O~T >, , obtainable from 


Fig. 10, to give: 
“3/4 1/4 


2 |To wt i 
Ww ~ C opr oa Bs = r =-22) |--------- . 


The foregoing was intended to apply to metallis 
combustors only. Another typ2, intended for large marine 
or stationary plants and lined with refractory, requires 
separate treatment. 

Bata on carrent combustion equipment permit approxi- 


mate evaluation of the conegtant of proportionality to give: 


a _ - B48 1/4 
ay « eet. Sg) (| Lt (30) 
| e d . 
b =. 2000 Tos rePoo} | R(Fmitre’ ) 


Further, the apace required for a combustion ersten 
composed of a set of identical can-type units, as opposed 
to the net internal or gas volume used above, may be approxi- 
mated as: 

Ls = of (1.5 a.) Lt 

2 
ee Stos/Tor)-re 
R "(Pye ) 

By making use of the flame cross-sectional area rela- 

tion for proper gas velocity mentioned at the beginning of 


this section, this becomes: 
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The trend of combustor volume with pressure ratio as 
given by this is shown for the single tempersture ratic 
(fos/To,) = S.7 in Pilg. 4. 

The construction of stators and casings ie considered 
to be governed by regard for stiffness rather more than for 
rupture strength. @tator blading weight if assumed to average 
the same as that of rotor blading operating within it. Follow- 
ing ref. 5 and the foragoing treatment of combustor shell 


Weight, the stator bleeding and sasing weights become: 


- we (h/a)?a® py £% 
{ep ee om om ° oars oar omen cmon oe mee ca oe ee for ths bliedes 


{4 8/2 8/2 
: eo! 23 ss $s “~— 
we. ¥ le 4 = 4,. [2 (L/a)] a for the casing 


Again thea oonstant is approximated on the basis of 
current plants to give, for the oompressor: 


aff eA(u/a)s"a,” . 3/2 
Sm, Py [ane nnae ~~ + [006 we (t/a) Le 


oO 
(32) 


“We 
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and for the turbine: 5/2 
3/2 tA(L/d)e_ d {2 
We = dG, 2 =. 5 +(L, it 
en ray » - o1 fie(ivay ut ba, 
both of whieh inerease monotonieally with (L/4a). 
Equally defensible is the approximation to casing 


volume as, in the case ef the Compressor: 
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but since 
d= (L/a) (a/b) and b/D = (b/a)(a/D) 
by (9) there appears that: 
6 L/a) 
ve ay [ +e0/0] a Ve [ (sing) fs (33) 
ec C ¢ l+(L/d), 


and similarly for the turbine casing volume. 


ye y - < (6/0..4)(L/d)«¢ (33 ) 
= 3 1+(L/d) «4 . 


— 
. * ° oé 4 = | 
=~ -~ 


meets: 
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SCROLLS, VOLUTES and DUCTS 


Serolis, volutes, ducts, piping, stacks and so on 
vary greatly from plant to plant for the good reason that 
Plant location and job assignment dictate component layout 
to a large extent. The straight-through aircreft jet 
engine with axial compressor certainly has the minimum of 
such parts, whereas a marine propuision or shore power 
generation plant has a good deal of its total weight and 
space so constituted. Henee no definitive mathematical 
treatment can be shown, but a few general rules ean be given. 

For the simple ecyole, gas pressures up to the com 
pressor inlet and beyond the turbine exit are of the order 
of one atmosphere. Within these sections of the flow path 
design is considered to be based on rigidity rather than 


bursting pressure. Hence, following the reasoning of ref 93 


Vn Ww 
Weaw 
From the compressor discharge to the turbine nozzle 

the flow path carries the same weight flow at a pressure 
Po times as great and a epecific volume correspondingly less. 
In this section design is considered to be based on burst- 
ing strength, but in the first approximation it turns out 
again that: 

We ww 


while 
V¥wu/r, 
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Since 4t has been shown that the net power output 

for given oyele conditions is; 
P¥~ w 

then it may be coneluded that for a given type of plant - 
airoraft, mobile or stationary -- the size and volume of 
ducting will vary nearly linearly with the mass flow, once 
the cycle thermodynamic conditions are fixed. Taking ac- 
count of the relation between air rate and pressure ratio, 
the weight and size of ducting and connections may be ex- 
pressed as a function of the variable (w/P*) to fit any 
plant eapacity. 
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VII. APPLICATION 


in order to clarify the effect of certain variables 
ag they individually influence the design, it is advisable 
to fix as many of the other variables as possible, or in 
other words to take a particular plant and inquire as to 
how the internal geometry of the components may be optimized 
to produce the most power for the least investment. 

Choosing a simple CBTG plant (Fig. 1) for this purpose, 
the following points are fixed; 


Lompressor Turbine 
To) * 530°R Tos = 1960°R 
Ch = 24 Cy = 227 
Yeo = -90 Tan = 85 
Ba = 60° Ba = 50° 
@ = 40° @ = 60° 
+ « .20 t = ,16 
o,. = 22,000 psi c,, = 24,000 pel 
O, = 4000 psi 0, = §000 psi 
Both machines: 
re = § qT = 0? 
R = 53.3 ft./°R P*P4= 500 lb./tt.” 


2 
Y =1.3 Pozo = 2116 lb./ft. 
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From these it follows that (Fig. 11 et seq): 


Pe, * -2 Fp, = -03 
Fy. = 2.88 Foe = 6.58 
A = .318 » = ,211 
ro = 1.67 r¥ = 711 
rim. 3.0 rin. 3.56 
r= «8 F, = .439 
2, = 9050. r. = 9870. 
w/P* = .0105 1b/HP see 
B = .96 £. = 1.08 


Having decided to investigate the effect of the flow coef= 
ficient (C,/U), blade length ratio (L/d) and mass flow (w), 
all other parameters are expressed in terns of these three 
by uging the information above and the equations set forth 
previously. That these three variables are independent may 
be seen from the continuity relation and (3). Under the 
original simplifying assumptions and the above set conditions 
none of these three variables affect the thermodynamics of 
the cycle, however, and so the air rate (w/P*) remains un- 
ehanged. The effect of scaling up the power rating of the 
plant, then, for any fixed set of values such as the above 
may be taken directly as the effect of increasing the mages 
flow rate. 

Equations here are numbered to correspond to their 


counterparts in the preceding general development. They are: 
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1/2 
W 
d, = .1106 ------473------ — (8) 
. (Guy (L/a)y”4 
171 wi? (8a) 
= UPL enn --- 2 9 2n nme oe === a 
“t (C,/tge”® (L/a)i/4 
2 _, Me 
G = .674 (Cx/U4) (L/ 4), (15) 
(C/U) (L/d)« 
"we 
6 3.15 as. (25) 
ac (¢,/U), 
1/2 
6 at" 4.84 _{U/a)s | (25a) 
(C,/U) 4 
Snc/Smt = 21.436 
. ; 
—g--~ | = 1.024 (C_/U) (18) 
Fh = J), 
8 
w-| = 5.46 (¢_/U) (18) 
5 7e0 ; [Us 
t 
3/2 3/4 “Y 2 
w  (L/a), 1.9(C,/0) .(L/a) 
y* «= 0292 ------~~ sye--~ | ----- ba a at [a+ (4/0) ] 
oc (C,/U), 1+ (1/4), 
(33) 
3/2 3/4 1/2 2 
Ww (L/d)o 1.24(0,/0) 4(L/d). 
1) = ME see ery = |e ------5 --—-—--- === [a+ (ua) 
te (C/U). 1+ (L/d).¢ 
(33a) 


These last two may also be written: 
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2 
3/2) (6/$_,)(L/a) 
* ee pene 
t. 00237 (wd_.) c each [a+ (1/4) J 
2/2 1/4 
3 
we = 0433 (707? (L/a), (ue/a.) (282) 
3/2 
Ww , 1/4 * 
we = 087 -----—- cfuver (W*/a (28p) 
t (C/U)« 7 6 6 
6/4 7/8 3/4 1/4 3/2 
we « - ke —_ osry 22" ‘ + fe (La) | 
eo (¢,/u),°/4 ihe 3 
(32) 
5/4 7/8 3/4 1/4 2 
= 123w (L/d)e nan (Cy/U),. w h (/a) y 
TF ememmemeemmeeemme |, ween en emmeren— + [1+ 
te (c,/0)4°/4 (L/a),-" © ; 
(32a) 


v* = .0611 w 


3/4 
WY = §3.8 w 


From (15), (25) and (25a) above the curves of Fig. 14 
have been drawn. As brought out earlier the aspect ratio has 
been found in practice to be restricted, by lose considera- 
tions, to upper and lower limits of about five and one, 
respectively. Likewise, the blade length ratio (L/d) is re- 
stricted at the upper limit by blade stresses and the me- 
chanies of construction, while restricted at the lower limit by 
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the fact that large physical dimensions become necessary to 
pase a required mass rate of flow. 

Moreover the flow coefficient (C,/U) 1s restricted at 
the lower limit by this same inability of a machine to pass 
sufficient mass flow, and at its upper limit is restricted 
by the permissible Mach No. ineident to the compressor rotor 
blades. For example this limit may be so set that the 


relative velocity 


w, = .8 VKgkT, 


Then since by geometry 


Wa 
wT 6in 8,4 


there is 


(c,/U) = .5656 sin 6, /(2g/0" ERT, 


Obtaining from (3) for the example in hand 


(u'/2g) zs 2262/(L/4), 


then, for the compressor inlet: 


(6,/U), = 1.585 (L/a), 





or 
(c./0) 
x/ Fe < 1,586 
(L/a), 
Henee, by (25): 
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and by a similar procedure for the turbine: 


but 7 1-16 


Neither of these, it so happens, offers any additionel restric- 
tion here. 

With all the foregoing in mind the dotted rectangles 
of Fig. 14 were constructed to the (L/d) and (C,/U) limits, 
the portion of such rectangles within acceptable limits of 
then being taken as the area of possible designs. It should 
be emphasized that the demarcation of these areas is earried 
out to show that such limits exist, rather than to pretend to 
lay down their numerical values. 

Possible gear ratios for the plant constants chosen 
are indicated. Direct drive, G@ = 1, appears to be appro- 
priate here since that line is the only one intersecting the 
rectangle properly. If direct drive is chosen, the gear may 
be dispensed with and the design latitude remaining is repre- 
sented by the straight line segment A-B. Re-examination of 
equations (33) in their latter form above shows a design point 
near A to be preferred since lower values of aspect ratio 
aseist in reducing turbine and compressor volume. If the point 
is so chosen that: 

Omt = 2-5 
Smt = 1-7 
then the choice still remains open for the compressor along 


the are a-a' and for the turbine along the are b-b'. 
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Again (35) shows the lower end of each range to be 
preferred in order to gain a lower value of (L/d). Hence 
the design may be fixed e.b3 

(C,/U), = .5 (C/U), = .88 


(L/a), = .16 (L/a),. = .12 
and with these in hand the size and weight of the plant may 
be calculated from the foregoing equations, making use of 
the air rate, .0105 1b/HP gee., to express the results in 
terms of power output rather than mass flow rate. 


This leads to, for the pressure ratio of five: 


* . ye * ye 
weve +e + 
~4 
= (.49 #2 4 6.42)10° Pott. 
and 
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= (47.22 prV2, 5 5 pel 4, 1m 200/pel/4 10° “pt 
Lbs. 


in order to discover the influence of pressure ratio 
changes on the plant size and weight, the detailed calcula- 
tions may be repeated for ratios of seven end ten, with other 
data remaining the same. Following that, by the same criteria 
as before, there are obtained rectangles which overlie as 
shown in Fig. 15. When design values of 5, (L/a) and (c,/U) 
have been ohosen the values for all three pressure ratios may 


be tabulated as: 
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r 5 7 LO 
Snes R 2.5 2.5 2.5 
(C/U), 5 5 oo 
(L/d) 16 145 213 
but 1.7 1.85 1.95 
(C,/U)« 88 -88 87 
(L/d)« eil 11 ell 


It may be concluded that in the range covered by 
CBT plants a pressure ratio varintion effects little change 
in the choice of these parameters in turbine and compressor. 
On the other hand equations (11) et seq. show that the 
stress paraneter 2s the blade angle and camber 8 and ©, and 
the degree of aerodynamic loading under whieh the blades 
operate are the three major factors which in the end direct 
the selections of (L/a) and (C,/U). Component stage 
efficiencies bear on the thermal efficiency and the air rate, 
and vie the latter affect the selection as well. 

It may be coneluded from the curves (W*/P*) of Fig. 17 
that, on the basis of minimum plant weight being a desirable 
faetor, it is advantageous at eertain pressure ratios to 
divide a load between two or more identical plants operating 
in parallel at a net saving in welght. The same possibility 
with respect to reducing total plant space recuiremernts is 
suggested by curves (V*/F) of the game figure. Mitigating 
against this apparent opportunity to save weight and space, 
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and in all likelihood actually reversing the trend in an 
actual installation, is the necessity for duplication of 
controls, accessories, instrumentation and servicing when 
sete of smeller unit size are used to fulfill a job re- 
quirement. 

A quantitative analysis of these two opposing effects 
is sugrested as a suiteble subjeet of further investigation. 
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VIXi. APPENDIX 





Symbolism 


area, annuler unless otherwise noted 
blade width, axially 

ebsolute velocity 

specific heat at sonstant vressure 

tip diameter, over longest blade 
piteh dlameter, at mid-dlade 

general function; alse & general force 
gravitational constant, 52.2 

enthalpy 

moment of inertia 

mechanical equivalent of heat, 778 
ratic of specific heats, C,/S, 

vlade iength, radially 

component length 

Mach No, 

pending momen% 

nuuher of like stages or units 
pressure 

power, horsepower uniesa otherwise shown 
gas constant, for air 63.3% 


reneat factor 


5S 


ft, 

. Ss 
ft/sec. 
BTU/1b, °F. 
Tt. 

ft. 


ft/see 
BTU/1b 
ay 
ft. 


ft.1b/BTU 


ft. 
ft. 


Lo.ft 
2 
lb/ft. 


ft/°Fr. 


pressure ratio in a componeat, greater than unity 


blade spacing, circumferentially, on piteh cirele ft. 


solidity, »/8 
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temperature °R 
thickness ratio, vs., ehord or diameter 


circumferential velocity on pitch diameter ft/sec. 
2 


net or working volume ft. 

component volume, overall ft. 
work ft.1b/lb. 
component weight lb. 


masse flow rate; also relative velocity lb/secjft/sec. 
eascade clearance faetor 
extreme fiber distance from neutral axis ft. 


number of blades in a row 


angle of absolute velocity with plane of caseade 
engle of relative velocity with plane of caseade 
@ special funetion of (L/d) ana & 

blade aspect ratio, L/b 

angle of fluid deflection 

efficiency, output/input 

blade camber angle 

the exponent (k-1)/kc V ae 

the exponent (k-1) 1 ar/* 

the exponent (k-1)/k 


2 
density lb/ft. 
stress parameter, O/T» ft. 
teneile stress 1b/ft.- 


taper factor, for stress reduction in rotating blade 


aerodynamic load coefficient 
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a - angular velocity rad/sec. 
Subsori pts 

b - burner or combustor; also blade 

5 = compressor; also casing or stator 
g - # gas~bending 

'- w-. 

m- mean; also pertaining to Mach No. 
n- net 

» * stagnation state 

> - constant pressure 

s- stage; also static 

t - £=turbine 

x - axial direction 





Sts 
L 
£ 
3 
4 
5 


compressor rotor entrance 
compressor exit; combustor entrance 
combustor exit; turbine inlet 
turbine exit 


jet discharge 
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